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Abstract The use of transition metal oxides as anode materials in lithium-ion 
batteries offers great advantages over graphitic carbon due to their ability to deliver 
much higher specific capacities. The mechanism with which they electrochemically 
react with lithium was found to be peculiar and termed “conversion” to distinguish 
it from other mechanisms such as intercalation, insertion, and alloying. In this 
chapter, we have reviewed the behavior of a wide variety of transition metal oxides 
in lithium-ion batteries and the effect of structure/property relationship on their 
performance. It was found that a key enabler to the electrochemical reactivity 
of transition metal oxides is the nanosize effect and essentially the formation of 
nanoparticles and nanocomposites. 


5.1 Introduction 

In the recent years, there has been an increasing demand for high-power lithium-ion 
batteries (LIBs) for applications in portable electronics, plug-in hybrid vehicles 
(PHEVs), and other electric vehicles (EVs). While many new high-voltage and/or 
safer positive electrode (referred to as cathode) materials have been successfully 
developed and commercialized in the last years, such as carbon-coated nano- 
LiFeP 0 4 , [ 1 - 3 ] LiNii/3Co 1/ 3Mn 1/3 02 [ 4 , 5 ], and LiNi0.gCo0.15Al0.05O2 [ 5 , 6], 
the replacement of the carbon graphite negative electrode (referred to as anode) 
has been relatively less successful. Graphite has a high electronic conductivity 
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(a a : 2.6 x 10 4 S cm -1 and ct c : 2 x 10 2 S cm -1 [7]), is not too costly, and has a good 
capacity retention and very good cycle life. However, it is limited by its theoretical 
gravimetric and volumetric capacities: 372 mAh g -1 and 830 mAh mL -1 , respec¬ 
tively. Recently, Sony has prompted an interest in the Sn-Co-C alloy composite 
anode [8-15] and is now manufacturing this new generation of LIBs called 
Nexelion™ [16]. This battery leads to much higher gravimetric and volumetric 
capacities but to a lower long-term reversibility compared to graphite. Sony 
reported a capacity increase of about 30% compared to their conventional battery, 
good rate capability, and good temperature performance [8]. Others, such as 
Toshiba, chose a safer and “zero-strain” [17] insertion anode material, the nano- 
Li 4 Ti 5 Oi 2 (a.k.a. LTO) [18-21] in the super-charge ion battery (SCiB™) with an 
output voltage of 2.4 V. LTO has a very good cycle life and high rate capability that 
allows quick charges/discharges [22], which is of interest for PHEV applications 
[18]. In addition, its high delithiation voltage (1.5 V vs. Li/Li + ) makes it safer than 
other anode materials [18-21]; indeed, there is no risk of lithium plating and 
presumably no SEI formation. However, its drawback is the low theoretical specific 
capacity (175 mAh g“ 7612 mAh mL - ' ) and high lithium insertion voltage. Another 
alternative to the common anode material is to use elements, preferably nanometric 
in size, that can alloy with lithium, such as aluminum, silicon, or tin; they provide 
high specific capacities usually ranging from 1,000 to 4,000 mAh g -1 (2,700 to 
9,800 mAh mL -1 ). However, there is a large volume change between their 
unlithiated and their lithiated state: 100% for LiAl [23-25], 300-400% for Li x Si 
(x = 3.5 or 4.2) [23, 26-29], and 260% for Li 4 . 4 Sn [23, 30, 31], That gives rise to 
mechanical stresses that lead to cracks, eventual disintegration of the electrode, and 
failure of the LIB [32] . The use of nanoparticles [29] or nanocomposites [33] that can 
provide faster stress relaxations along with a binder that can accommodate the 
volume change, such as sodium carboxymethyl cellulose [34] or styrene-butadiene 
rubber [35], usually mitigate this issue. In addition, it is widely accepted now that 
anode materials that are prone to large volume changes during battery cycling 
warrant the use of ionic polymeric binders instead of conventional PVDF. This 
leads to better performance by allowing better lithium-ion transport from 
the electrolyte to the particles of the active material, more uniform coverage of the 
binder to the surface of the particles, and more uniform SEI formation at the surface 
of the particles [36], In the last decade, transition metal oxides (TMOs), sulfides 
(TMSs), nitrides (TMNs), phosphides (TMPs), or fluorides (TMFs) (also referred as 
TMXs) have shown their potential as the next generation of anode materials for 
LIBs. Despite the fact that TMXs, with TM having the lowest oxidation number 
(e.g., Fe 2+ , Mn 2+ ), lack interstitial sites for lithium insertion and the fact that none of 
these 3d transition metals (TMs) alloy with lithium, they happen to be active toward 
lithium [37,38] . As shown by Fig. 5.1, TMOs provide capacities ranging from 650 to 
1,000 mAh g _1 (3,300 to 5,000 mAh mL -1 ) which is two to three times higher than 
graphite. However, the delithiation potential of these materials is higher than 
graphite, typically between 1.2 and 2.5 V versus Li/Li + . 

This chapter exposes the processes by which TMXs can be reversibly lithiated 
and delithiated and the factors that influence their performance, such as capacity 
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Fig. 5.1 Delithiation potential versus gravimetric specific capacity of anode materials 


values, rate capability, and capacity retention. The discussion is mainly focused on 
TMOs going from chromium oxide to zinc oxide, and from simple oxides to mixed 
oxides such as spinel AB 2 0 4 . The last part of this chapter goes over the other TMXs 
introduced above. 


5.2 Lithiation and Delithiation Mechanism 

The use of TMOs as anode materials for LIBs is recent, but their use as cathode 
materials is not new: Li-CuO primary cells have been in use since 1980 [39, 40], 
and more recently, CuO has been used as a cathode material [41], At room 
temperature, the simplified and nonreversible reaction was believed to be Eq. 5.1 
with Cu 2 0 as an intermediate: 

CuO + 2Li+ + 2e“ -► Cu + Li 2 0 (5.1) 

The experimental cell voltage was about 1.5 V versus Li/Li + [39], Even though 
in 1981 it has already been shown that the reaction of Fe 20 3 /Fe 30 4 with lithium was 
reversible at 420° C [42], it was only in 2000 that Poizot et al. demonstrated that this 
reaction could be reversible at room temperature [37]. 

Unlike graphite, Li 4 Ti 5 Oi 2 , or cathode materials which undergo a reversible 
intercalation/insertion reaction with Li + , most TMXs go through a reversible 
conversion reaction with Li + . While for the intercalation/insertion process less 
than one electron per metal is transferred (~0.5 for LiCo0 2 , 1 for LiFeP0 4 , 0.6 
for Li 4 Ti 5 0i2, and 0.17 for graphite), for the conversion reaction, often a transfer of 
more than two electrons per metal occurs. As shown by Eq. 5.2, during the lithiation 
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Fig. 5.2 Reversible conversion reaction of MO with lithium 


step of the conversion reaction, the TMO is reduced into its metallic state and a 
decomposable matrix of Li 2 0 is formed: 

MO x + 2xLi+ + 2xe“ <-► M + xLi 2 0 (5.2) 

As shown by Fig. 5.2, after the first lithiation, a composite made of metal 
nanoparticles (typically 1-5 nm) embedded into a Li 2 0 matrix is formed [37]. 
During the delithiation process, nanoparticles of the metal oxide (typically 1-5 nm) 
are formed back, however, not necessarily with the same crystalline structure as the 
starting oxide. The same conversion reaction occurs with Sn0 2 [43] and Sb 2 0 3 
[44]; however, in these cases, the Li 2 0 matrix is not decomposable and the 
subsequent process with lithium will be a reversible alloying reaction between 
lithium and tin or lithium and antimony. The reversible conversion reaction with 
lithium is not unique to TMOs; indeed, TMSs, TMNs, TMPs, and TMFs undergo 
the same reaction. The reaction can be generalized as: 

MX y + zLi+ + ze _ <-> M + zLiX y/z(y=z forX= F ; y=z /2 for X=0,S; y=z /3 for X=N, P) 

(5.3) 

The theoretical cell voltage (E) of a half-cell, using lithium metal as counter 
electrode, is calculated from the Gibbs free energy of formation of the metal oxide 
nanoparticle and the decomposable Li 2 0 matrix (AG f ) using the Nemst equation 
shown in Eq. 5.4 [45]. (E is also known as the electromotive force, emf): 


AG f = —nFE (5.4) 

where n is the number of electron exchanged, F the Faraday constant, and E the 
theoretical cell voltage also known as the electromotive force (emf). AG f is easily 
calculated using Eq. 5.5: 


AGf = nAG°(Li 2 0) - AGf (MO) 


(5.5) 
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Table 5.1 Theoretical half-cell voltages (E or emf) calculated using the Gibbs free energy of 
formation (AfG) and theoretical specific capacities of several TMOs [45] 


Metal oxide 

E or emf 
(V vs. Li/Li + ) 

Theoretical specific 
capacity (mAh g -1 ) 

MgO 

-0.00354 

1,330 

A1 2 0 3 

0.180 

1,577 

Ti0 2 (rutile) 

0.608 

1,342 

Ti0 2 (anatase) 

0.625 

1,342 

Si0 2 

0.694 

1,784 

v 2 o 3 

0.945 

1,073 

MnO 

1.032 

756 

Cr 2 0 3 

1.085 

1,058 

ZnO 

1.252 

659 

Mn 2 0 3 

1.431 

1,018 

FeO 

1.61 

746 

Fe 2 0 3 

1.631 

1,007 

Mn0 2 

1.708 

1,233 

CoO 

1.802 

715 

NiO 

1.954 

718 

Cu 2 0 

2.147 

375 

CuO 

2.248 

674 


Theoretical half-cell voltages for a variety of metal oxides (sulfides, nitrides, and 
fluorides) and their theoretical specific capacities are shown in Table 5.1 [45]. 

These values assume that the metal will not alloy with Li, which is the case for 
all metals except silicon, aluminum, magnesium, and zinc. Furthermore, one should 
be aware that the Nemst equation is accurate for bulk material only, which means 
that the surface/interface energy contributions that become significant when 
nanoparticles are used have been neglected. Taking the latter into account would 
change the emf values by only 100 mV [45, 46]. Even though A1 2 0 3 , Ti0 2 , and 
Si0 2 exhibit a positive emf and thus their conversion reaction should be spontane¬ 
ous, there are kinetic limitations that prevent the reaction from taking place. These 
oxides either are unreactive toward lithium, such as MgO and A1 2 0 3 , or undergo an 
insertion reaction, such as Ti0 2 . 

The working potential (U) of the electrode in a half-cell is mostly determined by 
the emf and is also influenced by the lithiation or the delithiation overpotential (q) 
according to the following equation: 

U = emf ± r )(—if lithiation and + if delithiation) (5.6) 

For TMOs that do react with lithium, a large overpotential is observed for both 
reactions (lithiation and delithiation) due to slow kinetics associated with solid-state 
reactions. Thus, a large potential window is usually required, typically 10 mV to 
3 V versus Li/Li + . Due to these kinetic limitations, only metal oxides that show an 
emf above 1 V versus Li/Li + have been experimentally proven to be reduced before 
the electrodeposition of lithium metal on the metal oxide occurs [45]. 
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Capacity (%) 

Fig. 5.3 Typical voltage profile of a half-cell made of a lithium metal counter electrode and a 
TMO working electrode (also applicable for TMSs, TMNs, TMPs, and TMFs). The half-cell was 
cycled between 10 mV and 3 V at 75 mA g -1 . Only the first two cycles are shown 



TMXs, for which the metal is at its lowest oxidation state (e.g., MnO, FeO, CoO, 
NiO, Cu 2 0, ZnO), directly undergo the reversible conversion reaction. However, in 
the case of a higher oxidation state and especially for compounds that exhibit a 
marked ionic character (i.e., TMOs and TMFs) or a covalent character (i.e., TMPs), 
due to the presence of vacancies, lithium insertion is going to occur before the 
reversible conversion reaction [38]. The lithium insertion induces the reduction of 
the TM to a lower oxidation state, and often, when the lowest (or the most stable) 
oxidation state is reached, the reversible conversion reaction occurs. Here are some 
examples of materials that follow this path: Mn0 2 [47], Co 3 0 4 [48, 49], Mn 3 0 4 
[50], CuO [51], CuS [52], Cu 3 P[53], NiP 3 [54], Fe 2 0 3 [55], and FeP [56], 

The key point of the reversible conversion reaction of TMOs is the formation of 
nanoparticles of TM embedded and homogeneously distributed in a Li 2 0 matrix 
during the first lithiation. Figures 5.3 and 5.4 show typical voltage profiles of MnO, 
CoO, NiO, and FeO, respectively, as a function of the state of charge of the anode 
material in half-cell conditions. 

MnO, FeO, CoO, and NiO all undergo a reversible conversion reaction, and their 
voltage profiles are very similar, except for the position of the lithiation and 
delithiation plateaus. As shown by Fig. 5.3, MnO exhibits a first lithiation plateau 
at 0.2 V versus Li/Li + where MnO particles are disintegrated into nanoparticles of 
manganese embedded into a Li 2 0 matrix. In this particular case, MnO particles 
were prepared by decomposition of manganese acetate at 800° C under argon. The 
working electrode composition is 80 wt% MnO, 5 wt% graphite, 5 wt% Super S 
carbon, and 10 wt% sodium carboxymethyl cellulose. In the case of CoO, starting 
from well crystallized CoO particle of 100-200 nm aggregated in grains of 1-2 pm 
(see Fig. 5.4a and b), after the first lithiation (plateau at 0.9 V vs. Li/Li + ), the 
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Fig. 5.4 (a) TEM micrograph of an uncycled CoO electrode with (b) its corresponding SAED 
patterns (taken along the [22-4] direction in the reciprocal space); (c) TEM micrograph of a fully 
lithiated CoO electrode, with (d) its corresponding SAED pattern (negative form); (e) TEM 
micrograph of a delithiated CoO electrode with (f) its corresponding SAED pattern (negative 
form); the subscript c in the hkl notation refers to carbon, (g) Voltage profile of a half-cell made of 
a lithium metal counter electrode and CoO, NiO, and FeO working electrodes, cycled between 
0.01 and 3 V at a rate of C/5 (Reprinted by permission from Macmillan Publishers Ltd: Nature, 
[37], copyright 2011) 


particles are totally disintegrated and are then composed of cobalt nanoparticles 
dispersed in Li 2 0 (see Fig. 5.4c and d). However, the overall shape of the starting 
particle/grain is preserved. The preservation of the shape has also been observed for 
carbon-coated Fe 3 0 4 nanospindles [57] and three-dimensionally ordered meso- 
porous (3-DOM) Cr 2 0 3 [58]. As shown in the scheme in Fig. 5.3, the electrode 
material is covered by a gel-like layer (also called organic layer, polymeric layer, or 
solid electrolyte interface); the empty triangle on Fig. 5.4c illustrates this layer. 
As mentioned before, a large overpotential is observed for TMOs; in the case of 
MnO, it is about 0.8 V, and for CoO, it is about 0.9 V. As explained by Poizot et al., 
it is believed that the size confinement of the TM nanoparticles enhances their 
electrochemical activity toward the decomposition of the Li 2 0 matrix [37]; a 
phenomenon explained by Maier in terms of a nano-effect resulting from increased 
surface energies of confined space [59], The oxidation of the TM particles does not 
occur at a microscopic scale [37]; the particles must be nanometric and in close 
contact with Li 2 0 for this already slow solid-state oxidation reaction to occur [23]. 
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Table 5.2 Summary table of electromotive forces, reduction and oxidation potentials, and 


theoretical capacities of TMOs ranging from chromium oxide to zinc oxide 


TM 

Phase 

EMF° [45] 
(V) 

E first 
reduction 
(V vs. Li/ 

Li + ) 

E second 
reduction 
(V vs. Li/Li + ) 

E oxidation 
(V vs. Li/Li + ) 

Number 
of Li per 

Theoretical 

specific 

capacity 

[45] 

(mAh g ‘) 

Cr 

&2O3 

1.085 

0.15 [60] 

0.3-0.15“ 

[60] 

0.8-1,9 b [60] 

3 

1,058 

Mn 

Mn0 2 

1.708 

0.4 a [61 ] 

0.4-0.6 b [61] 

0.5—1 ,4 b [61] 

4 

1,233 


Mn 2 0 3 

1.431 

1.4/0.35 a [50] 

0.6 b [50] 

1.0-1,4 b [50] 

3 

1,018 


M113O4 

- 

1.1/0.4 a [50] 

0.6 [50] 

1-1,4 b [50] 

2.7 

1,008 


MnO 

1.032 

0.2 [here] 

0.5-0.6 b 

1.0-1,4 b 

2 

756 

Fe 

Fe 2 0 3 

1.631 

1.5/0.75 a [62] 

1.0/1.5 a [62] 

1.5-2.0 b [62] 

3 

1,007 


Fe 3 0 4 

- 

0.7 [63] 

0.8/1.0 [63] 

1.5—2.0 b [63] 

2.7 

926 


FeO 

1.61 

0.6-0.7 [37] 

0.9-1.1 [37] 

1.5-1,8 b [37] 

2 

746 

Co 

C03O4 

- 

1.0 [48] 

1.25 [48] 

2.1 [48] 

2.7 

891 


CoO 

1.802 

1.0 [37] 

1.2—1.8 b [37] 

2.0-2.3 b [37] 

2 

715 

Ni 

NiO 

1.954 

0.6 [64] 

1.0-1,4 b [64] 

1.5-2.2 b [64] 

2 

718 

Cu 

CuO 

2.248 

2.2/1.5/0.8 
[65] 

2.2/1.5/0.8 
[66] 

1.0-1.5/2.4 
[65] 

2 

674 


Cu 2 0 

2.147 

1.1-1.2 [67] 

0-1,5 b [67] 

1.5 b /2.5 [68] 

1 

375 

Zn 

ZnO 

1.252 

0.3-0.4 [69] 

0.9-0.5 b [70] 

from 1.2 [70] 

2 

659 


a 2 plateaus 
b Slope 

°EMF: Electromotive force 


As shown in Fig. 5.3, the delithiation plateau of MnO also shows the polarization of 
the electrode material; it ranges from 1.0 to 1.4 V versus Li/Li + . In the case of CoO, 
the position of the plateau is much higher; it ranges between 1.8 and 2.1 V versus 
Li/Li + . In general, the delithiation plateau is not affected by the cycle number 
because the metal-Li 2 0 composite is already at a nanoscale after the first lithiation. 
At the end of the delithiation, TMO nanoparticles are obtained, as shown by 
Fig. 5.4e and f. In most cases, subsequent lithiation plateaus show a much lower 
overpotential, due to the ease of reducing nanoparticles (1-5 nm) compared to 
bigger particles («100 nm). In the case of MnO, the overpotential of the second 
lithiation is only 0.4 V. However, as shown in Figs. 5.3 and 5.4, the reduction and 
oxidation overpotentials are responsible for the large hysteresis that negatively 
affects the efficiencies of the batteries. Similar effect was also observed in the 
case of TMXs. Table 5.2 summarizes the lithiation and delithiation potentials for 
different TMOs, with TMs ranging from chromium to zinc (zinc is included even 
though it is a post-transition metal). 

The composition and the nature of the gel-like layer at the surface of the material 
vary with the state of lithiation; it is usually thicker when the material is lithiated 
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Fig. 5.5 Discharge capacities of ZnMn 2 0 4 electrodes as a function of cycle number for electrodes 
made of particles of ZnMn 2 0 4 having different sizes (size measured via TEM or SEM). Lithium 
carboxymethyl cellulose was used as binder and the electrodes tested in half-cells and cycled 
at C/10 


which makes this layer unstable [50, 59, 60, 61]. In addition, this layer is known to 
grow with cycling time and with the increase of temperature and prolonged cycling 
[23]. Interestingly enough, this unstable layer is able to reversibly store lithium to 
some extent via an interfacial charging mechanism [45, 46, 72], This storage 
capability has been observed for CoO [23] and also for other TMOs such as 
ZnMn 2 0 4 [73]. The phenomenon is enhanced by an increase in temperature or 
prolonged cycling [23, 73]. 

Even though “nano” is the key point of the reversibility of the conversion 
reaction of TMOs (and TMXs in general), the capacity retention of these electrode 
materials is very sensitive to the particle size and morphology of the material. As 
shown by Poizot et al. in the case of CoO, an optimum particle size of 2 pm is 
observed, whereas for Cu 2 0, it is 1 pm [37]. In the case of spherical particles of 
C 03 O 4 , a crystallite size ranging between 40 and 60 nm seems to be the optimum 
[74, 75]. Figure 5.5 shows the battery performance of the spinel TMO ZnMn 2 0 4 
prepared via a coprecipitation method [73]. In this particular case, electrodes made 
of particles of ZnMn 2 0 4 having a size of 75-150 nm show the highest and the most 
stable capacity at 690 mAh g -1 after 70 cycles [73]. 

Recently, Maier has suggested a new mechanism for interfacial ion storage at the 
nanoscale level [76]. This was illustrated in lithium-ion batteries by a study of the 
storage mechanism in nano-Ru0 2 (30-200 nm) where high capacities reaching 
1,110 mAh g -1 were obtained at unusually high coulombic efficiencies reaching 
98% [72], It was shown that lithium ions can be stored at the interface of the 
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Ru/Li 2 0 nanocomposite (between 0 and 1.2 V) with capacities reaching 
120 mAh g _1 at C/5. The Ru/Li 2 0 nanocomposite was formed by a conversion 
reaction prior to an intercalation reaction that formed LiRu0 2 . The formation of a 
SEI (5 nm) was observed during charging, similar to other metal oxides (e.g., CoO), 
but it was suggested to be less plausible in this case because of its formation and 
dissolution at a different potential above 1.2 V [77]. The storage at the M/Li 2 0 
interface was explained to be capacitive-like in nature where lithium ions occupy 
interstitial sites in Li 2 0 close to the boundary compensated by the electron sitting 
on the metal surface site. A similar mechanism was suggested to take place for a 
Ti/Li 2 Q nanocomposite as shown by ab initio calculations [77]. 


5.3 Metal Oxides 

This section presents the properties and performance of TMOs which undergo a 
reversible conversion reaction with lithium. TMOs go from chromium oxide to zinc 
oxide, and all potentials are given versus Li/Li + . 


5.3.1 Chromium 

According to the emf calculations reported by Maier et al. [45], Cr 2 0 3 is the first 
TMOs from the periodic table which undergoes a conversion reaction with lithium 
[60] but also means that it is one of the most difficult to reduce. The first lithiation 
shows a plateau at 0.15 and at 0.3 V for the subsequent lithiations, whereas the 
delithiation potential ranges from 0.8 to 1.9 V [60], Even though Cr 2 0 3 has a large 
theoretical specific capacity of 1,058 mAh g -1 , micrometric particles always show 
very poor capacity retention. Particles with size that ranges from 500 nm to 1.5 pm 
show a first discharge capacity of 1,100 mAh g -1 , which is slightly higher than the 
theoretical capacity. Unfortunately, the second cycle usually shows a specific 
capacity of 250 mAh g -1 or less [60], Even using nanoparticles (50 nm) prepared 
via a hydrothermal method is not sufficient to improve significantly the capacity 
retention and the long-term performance of the electrode [60]. At first, it seemed 
that this poor capacity was due to the conversion reaction mechanism, which was 
believed to proceed, according to Dupont et al., as follows: Cr 2 0 3 —> CrO <-> Cr 
<-> CrO [78]. Cr 2 0 3 was prepared using a pulsed laser deposition technique that 
produced particles of 50 nm and more in size. In this case, no Cr 2 0 3 crystalline 
phase was observed after the first cycle. However, other groups observed the 
recovery of Cr 2 0 3 after the delithiation [60]. It is worth mentioning that one of 
the main issues with Cr 2 0 3 is its poor electronic conductivity («2 x 10 -7 S cm -1 ) 
[71]. This observation applies for all TMOs which exhibit typical insulator or 
semiconductor behavior with their bandgaps ranging from 3 to 4 eV [79]. 
In addition, the formation of a very thick and unstable gel-like layer of 30-90 nm 
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on the surface of the nanoparticles is responsible for a capacity loss of about 
250 mAh g -1 [60]. These issues have been circumvented by making a carbon/ 
Cr 2 0 3 nanocomposite coated with hard carbon; it provided a reversibility of 80%. 
The reported capacity values are 800 mAh g -1 (per gram of composite) for the first 
cycle and a reversible capacity of 650 mAh g -1 after 20 cycles [60, 80]. However, 
long-term cycling performance has not been reported yet. Doping was another path 
that has been investigated in order to overcome the low electronic conductivity. 
Carbon-coated Cr 2 03 nanoparticles which were previously doped with 2% of Ni 
have shown a reversibility of almost 90% with an initial capacity of 900 mAh g -1 
and a reversible capacity of 800mAhg _1 after 20 cycles [71]. The doping increased 
the electronic conductivity from 2 x 10 -7 S cm -1 to 3 x 10 -4 S cm -1 , and the 
carbon coating improved the stability of the gel-like layer by decreasing its thick¬ 
ness from 30-90 nm to 15-30 nm [60, 71]. More recently, 3-DOM Cr 2 0 3 made of 
10-nm thick walls and 10-nm pores was successfully prepared, but unfortunately, 
the lack of electrical conductivity and of carbon coating leads to very poor perfor¬ 
mance [58], Other strategies have been investigated, such as 100-200-nm thin films 
[81] or the growth of a 500-nm porous layer of Cr 2 0 3 /Mn-Fe-Cr-0 directly onto 
stainless steel [78, 81]. However, these strategies greatly diminished the capacity 
density of the electrodes. 


5.3.2 Manganese 

Four different manganese oxides are available as anode material for lithium-ion 
batteries, ranging from Mn 4+ to Mn 2+ : Mn0 2 [47], Mn 2 0 3 [82, 83], Mn 3 0 4 [83, 84], 
and MnO [50, 61, 86-89], As shown by Table 5.2, they all show high theoretical 
capacities, starting from 1,233 mAh g -1 for Mn0 2 to 755 mAh g -1 for MnO, which 
are four to two times greater than graphite. Manganese is an appealing metal; it is 
not too expensive, abundant, and nontoxic. In addition, the delithiation (oxidation) 
potential is quite low compared to other TMOs (see Table 5.2). However, the main 
issue with manganese is the irreversible capacity associated with the first cycle. 
Like Cr 2 0 3 , manganese oxides are the most difficult TMOs to reduce; a potential of 
about 0.2-0.4 V is usually needed [38]. An interesting study was done by Fang et al. 
that compared the behavior of the four manganese oxides having the same nanorod 
morphology with a diameter ranging from 100 to 200 nm [50], Figure 5.6 shows the 
SEM micrographs and the voltage profiles of these four oxides. The irreversible 
capacity represents 71.8% for Mn0 2 , 58.26% for Mn 2 0 3 , 52.7% for Mn 3 0 4 , and 
45% for MnO. 

As previously mentioned, Mn0 2 goes through a lithium insertion process before 
being reduced to manganese metal according to the following path: Mn0 2 <-> 
LiMn0 2 —► Li 2 Mn0 2 —* Mn [50, 90]. The large irreversible capacity is explained 
by the nonreversibility of some of these reactions. Mn 2 0 3 is irreversibly reduced into 
Mn 3 0 4 before being further reduced. Mn0 2 and Mn 2 0 3 do not usually show good 
capacity retention. The third manganese oxide, Mn 3 0 4 , goes through an insertion 
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reaction before being reduced to manganese metal: Mn 3 0 4 —► LiMn 3 0 4 —> MnO 
<—► Mn. After the different insertion steps, all manganese oxides show the same first 
reduction voltage plateau at 0.2-0.4 V, typical of the conversion reaction. 
An advantage with using manganese oxides is the low voltage of the oxidation 
plateau of the conversion reaction that ranges from 1.0 to 1.4 V; this allows a higher 
output cell voltage. Two different reversible processes with lithium have been 
reported in the literature for Mn 3 0 4 [50, 84], According to Fang et al., first an 
insertion of lithium occurs to form LiMn 3 0 4 as shown by Eq. 5.6. A second 
reaction with lithium then takes place to obtain MnO, as shown by Eq. 5.7. It has 
been shown that once MnO is obtained, reactions (5.6) and (5.7) are not reversible 
anymore. From MnO, the reversible conversion reaction occurs, as shown by 
Eq. 5.8; the latter observation has been demonstrated by high-resolution TEM and 
selected area electron diffraction (SAED) measurements [50]. A second path has 
also been proposed by Gao et al. where they state that reaction shown by Eq. (5.9) is 
totally reversible [84]: 


M 113 O 4 Li + -f c —* LLM 113 O 4 

(5.6) 

LiMn 3 0 4 + Li + -f* e“ —> 3MnO + Li 2 0 

(5.7) 

MnO + 2Li + + 2e“ <-> Mn + Li 2 0 

(5.8) 

Mn 3 0 4 + 8 Li + + 8 e“ 3Mn + 4Li 2 0 

(5.9) 


As expected, MnO shows the lowest irreversible capacity according to reference 
[50]; however, due to the high reversibility of the conversion reaction, one could 
expect a very low irreversible capacity. MnO usually exhibits a first-cycle capacity 
over 1,100 mAh g -1 [50, 61, 86-89], which is much higher than its theoretical 
capacity. Like Cr 2 0 3 , this is due to the formation of a thick gel-like layer on the 
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manganese nanoparticles. A reversible capacity of about 65-70% of the first-cycle 
capacity is usually observed, which corresponds to the theoretical capacity of MnO. 
MnO usually exhibits good capacity retention with or without carbon additives. 
Zhong et al. reported reversible capacities for a MnO/carbon composite of 
650 mAh g” 1 [91]. 


5.3.3 Iron 

Iron oxides are attractive because of the low cost of iron, its environmental 
friendliness, and its experimental oxidation potential of 1.8 V, which is much 
lower than cobalt or nickel oxides. Three different iron oxides are available as 
anode material for lithium-ion batteries, ranging from Fe 3+ to Fe 2+ : Fe 2 0 3 , Fe 3 0 4 , 
and FeO. In the 1980s, it was shown by Thackeray and Coetzer that Fe 2 0 3 and 
Fe 3 0 4 could react reversibly with a Li/Al alloy in a LiCl-KCl molten salt mixture at 
420° C [42], In this process, a-Fe 2 0 3 and Fe 3 0 4 were reduced to Fe°. When 
discharged at room temperature down to 1 V, the lithium initial insertion in 
Fe 2 0 3 and Fe 3 0 4 leads to the creation of lithiated phases Li x Fe 2 0 3 and Li x Fe 3 0 4 
(0 < x < 2) [92], It is only recently that the full reduction of iron oxides at room 
temperature was demonstrated by discharging them down to 5 mV [37]. FeO just 
goes through the conventional reversible conversion reaction, FeO + 2Li + + 2e“ «-> 
Fe + Li 2 0; this first lithiation occurs at 0.6-0.7 V and yields a first discharge 
capacity of 1,150 mAh g -1 [37]. The oxidation plateau is observed around 1.6 V, 
and the subsequent reduction plateaus are around 1 V (see Table 5.2). FeO exhibits 
a reversible capacity of 745 mAh g -1, fading to 300 mAh g -1 after 50 cycles. 
Additional plateaus between 3 and 1 V are observed when using Fe 2 0 3 or Fe 3 0 4 
corresponding to lithium intercalation/deintercalation. In contrast to FeO, which 
has not been widely investigated, there has been a lot of interest in Fe 2 0 3 and Fe 3 0 4 
as anode materials for lithium-ion batteries. A lot of effort has been put to control 
the size and morphology of iron oxide particles. It has been reported that micron¬ 
sized iron oxides show poor capacity retention [57, 93]. For example, in the case of 
Fe 2 0 3 , nanorods [94, 95], nanoflakes [96], and nanotubes [62] were synthesized, 
while in the case of Fe 3 0 4 , nanowires [97] and nanospindles [57] were prepared and 
tested. In both cases, the most stable capacities were obtained when these 
nanomaterials were coated with carbon, which is explained by the fact that the 
solid electrolyte interphase (SEI) is created on the carbon rather than on the material 
itself. After a first discharge capacity of 1,300 mAh g -1 , carbon-coated Fe 2 0 3 
nanotubes yielded a stable capacity of 700 mAh g -1 after 150 cycles, compared to 
450 mAh g -1 for uncoated nanotubes [62], The same phenomenon was observed 
for carbon-coated Fe 3 0 4 nanowires that showed a stable reversible capacity of 
800 mAh g -1 over 50 cycles, while their uncoated counterpart performed more 
poorly, with a reversible capacity of 400 mAh g -1 after 50 cycles [97]. 

Another approach has recently been investigated, that is, growing Fe 3 0 4 
nanoparticles directly on graphene (exfoliated graphite), and good stability was 
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obtained [98]. The highly conductive graphene sheets act as an electronic conductor 
[99] and also as support for the Fe 3 0 4 nanoparticles. The reported discharge 
capacities are 1,400 mAh g -1 for the first discharge and 900 mAh g -1 for the 
second discharge, slightly increasing with cycling. The rate capability is also very 
good with a capacity over 600 mAh g -1 at rate slightly over C (1,050 mA g -1 ). 
Composite electrodes using single-wall carbon nanotubes (SWCNTs) were shown 
to improve the cycling performance of Fe 3 0 4 [91]. The composite was prepared by 
the reduction of a precursor of FeOOH nanorods in presence of SWCNTs to yield 
Fe 3 0 4 and prepared as a binder-free electrode with only 5 wt% of SWCNTs. 
Extremely high capacities were reported, reaching over 1,000 mAh g -1 at 1 C rate. 


5.3.4 Cobalt 

Cobalt oxides, CoO and Co 3 0 4 , have both been shown to be active toward lithium 
[23, 37], They have theoretical capacities over 700 mAh g -1 : 715 mAh g -1 for 
CoO and 890 mAh g -1 for Co 3 0 4 . Like other TMOs, cobalt oxides go through a 
reversible conversion reaction with lithium. The first reduction reaction occurs at 
about 1.0 V and the subsequent one at about 1.2—1.8 V [17, 38], The oxidation 
occurs at potentials ranging from 2.2 to 2.4 V [37], which is too high and is the 
main drawback for this particular metal oxide. It will lead to a low output cell 
voltage when used in a full lithium-ion battery; as shown by Badway et al., a 
Co 3 0 4 /LiCo0 2 cell has an output voltage of only 2 V [100]. However, since cobalt 
oxides provide a generally high and stable capacity, it is one of the first transition 
metal oxides to attract interest. While large particles (over 2 pm) of CoO and 
Co 3 0 4 deliver high and stable capacities [38], the performance of nanosized cobalt 
oxide will depend greatly on their morphology. Co 3 0 4 nanowires [101], nanotubes 
[102], nanoneedles [103], and hollow microspheres [104] give stable capacities 
above 700 mAh g -1 at low cycling rate. CoO nanowires [105] also yield stable 
capacities over 700 mAh g -1 at 1 C. However, Co 3 0 4 nanoplatelets [106] showed 
capacities with drastic drop or large variations depending on heat treatment. 
Composites of Co 3 0 4 with graphene sheets are useful in preventing metal oxide 
particles agglomeration and the stacking of the graphene sheets [107]. The metal 
oxide is grown in situ on graphene oxide sheets which are then reduced to produce 
evenly distributed Co 3 0 4 nanoparticles. This leads to a stable capacity of 
800 mAh g -1 over 30 cycles. 


5.3.5 Nickel 

NiO has been reported as an anode material for lithium-ion batteries. It goes 
through the conventional reversible conversion reaction with lithium: NiO + 2Li + 
+ 2e _ Ni + Li 2 0 [37, 64, 108]. The first lithiation occurs at about 0.6 V, whereas 
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the subsequent lithiation plateaus slope from 1.0 to 1.4 V. Like cobalt oxides, NiO 
is in general less attractive due to its higher delithiation potential that ranges from 
1.5 to 2.2 V, which would provide a lower cell voltage. In addition, NiO usually 
shows very poor capacity retention [108-112] unless it is nanostructured [64, 113, 
114], Thin films made of nanoparticles of 30-100 nm particles showed a first 
discharge capacity ranging from 800 to 850 mAh g -1 and a reversible capacity of 
about 450-500 mAh g -1 after 100 cycles with cycling rates ranging from 10 to 
80 pA cm -2 [113]. Some of the best performance were obtained with NiO 
nanowalls of 100-nm height and less than 40 nm thick, showing a capacity of 
640 mAh g -1 after 80 cycles at 1.25 C (900 mA g -1 ) [64], However, an irreversible 
loss of about 40% occurs after the first cycle. Similar data were reported for 
mesoporous carbon-encapsulated NiO nanocomposite [115]. 


5.3.6 Copper 

As previously mentioned in this chapter, copper oxide has been used as early as 
1980 as cathode for primary lithium batteries [39, 40], and more recently as cathode 
for lithium-ion batteries [41], Its use as an anode was investigated by Poizot et al. in 
2000 and the two phases CuO and Cu 2 0 have been found to be active toward 
lithium [37]. Like manganese oxides, copper oxides generally show a large irre¬ 
versible capacity that ranges from 30% to 50% of the first discharge capacity. In 
addition, due to the higher molecular weight of copper, and its lower oxidation 
numbers, copper oxides have lower theoretical specific capacities than other TMOs: 
674 mAh g -1 for CuO and 375 mAh g -1 for Cu 2 0. It has been shown that a 
nanosized material does not always provide the best performance, as shown by 
Grugeon et al.; 1 -pm-sized CuO and Cu 2 0 provide more stable capacities 
(400 mAh g -1 ) than 150-nm particles [116]. However, usually, nanostructured 
CuO or Cu 2 0 shows better capacity retention than micrometric particles. 
For example, nanowires having a diameter of 100 nm provided a first discharge 
capacity of 1,040 mAh g -1 and a reversible capacity of 650 mAh g -1 after 100 
cycles, which represents an irreversibility of 37% [117]. CuO nanoribbon provided 
similar results with a reversible capacity of 600 mAh g -1 after 280 cycles at C/4 and 
an irreversibility of about 31% [118]. Good rate capability was also reported: 
507 mAh g” 1 at C/3.4, 417 mAh g _1 at C/1.7, and 332 mAh g _1 at C/0.85. 
However, one should be careful with these values since the density of the electrode 
was only 0.4 mg cm -2 [118]. CuO was also studied as urchin-like nanostructures of 
100 nm [65]. A stable capacity of 600 mAh g -1 was obtained after 50 cycles at 
C/4.5 along with an irreversible capacity of only 25% of the first discharge capacity. 

Since an oxidation number of +1 exists for copper, CuO behaves differently 
from other TMOs; it first goes through an insertion mechanism with mixed oxida¬ 
tion state, that is, Cu 2+ i_ x Cu + x O( 1 _ x )/ 2 (0<x<0.4) up to Cu 2 0, and then the 
conventional reversible conversion reaction occurs. Figure 5.7 shows the typical 
voltage profile of a CuO anode. 
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Capacity (Ah/g) 


Fig. 5.7 Voltage profile of CuO hollow nanostructures (Reprinted with permission of John Wiley 
& Sons, Inc. [65]) 


5.3.7 Zinc 

Zinc is a post-transition metal, and like the TMOs, ZnO has an interstice-free 
wiirtzite structure that does not allow any lithium insertion. As most TMOs, ZnO 
reacts with lithium through a reversible conversion reaction [119]. However, as a 
post-TMO, ZnO behaves quite differently since the in situ made zinc nanoparticles 
further react with lithium by forming a ZnLi alloy [120-122], As most alloying 
reaction with lithium, Zinc particles undergo a large volume change during this 
process, about 163% [119]. This expansion is responsible for the large irreversible 
capacity observed for the first few cycles. Usually, reversible capacities ranging 
from 500 mAh g -1 [123] to 350 mAh g -1 [119] or less [73] with very poor capacity 
retention upon cycling are observed. 


5.4 Mixed Oxides: AB 2 0 4 

Several compounds containing two TMOs and having a spinel-like structure have 
been investigated, with A having an oxidation state of +2 and B of +3. Three series 
have been studied, the manganite (AMn 2 0 4 ), ferrite (AFe 2 0 4 ), and cobaltite 
(ACo 2 0 4 ). 




5 Beyond Intercalation: Nanoscale-Enabled Conversion Anode Materials... 


101 



Fig. 5.8 Voltage profile of the first lithiation of Mn x Co3_ x 0 4 spinel series (with x = 1, 1.5, or 2) 
and Mn 2 0 3 prepared via an ethanol dehydration procedure that precipitates gel-like citrate 
precursors annealed at 800° C for 24 h. The cells were discharged at 1 C rate (Reprinted from 
Electrochimica Acta [124], Copyright (2011), with permission from Elsevier. The voltage plateau 
value of C03O4 has been taken from reference [125]) 


In general, their performance is pretty close to the performance of their simple 
oxides (i.e., Mn 3 0 4 , Fe 3 0 4 , and Co 3 0 4 ). Interestingly enough, one would expect 
two lithiation plateaus corresponding to the two TMs, but only one plateau is 
experimentally observed for the first lithiation, as shown by Lavela et al. [124] 
for the Mn x Co 3 _ x 0 4 series (x = 0, 1, 1.5, or 2) and Mn 2 0 3 . Figure 5.8 shows the 
potential of the first lithiation plateau of this series. It seems that the potential is 
controlled by the TM content. As expected, Mn 2 0 3 exhibits the lowest potential 
plateau that then shifts to higher values as more cobalt was added into the spinel 
stmcture up to Co 3 0 4 . This is easily explained by the fact that manganese oxides are 
more difficult to reduce (0.3 V [83]) than cobalt oxides (0.9-1.1 V [100, 125]). The 
same phenomenon has been observed for Co 3 _ x Fe x 0 4 (x = 0, 1, or 2) [125]. Upon 
the delithiation, the spinel structure is never recovered; instead, a mixture of single 
TMOs is observed, as demonstrated by Sharma for ZnCo 2 0 4 [126]; two voltage 
plateaus are observed afterward. 


5.4.1 AMn 2 0 4 

Manganese-based oxides are very interesting because of their low delithiation 
voltage plateau; it ranges from 1.0 to 1.4 V (see Fig. 5.1). However, they also 
show a large irreversibility due to the formation of an unstable gel-like layer on the 
nanoparticles of the Mn/Li 2 0 composite material. This manganite series has first 
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been investigated by Pasero et al. via a brief study of the cycling performance of the 
off-stoichiometric Coo. 4 Mn 2 . 6 O 4 . It provides a low but stable capacity of about 
400 mAh g -1 after 10 cycles, and an irreversibility of about 60% [127]. Unfortu¬ 
nately, no information on the particle size or long-term cycling was provided. 
We recently reported on the performance of nanoparticles of NiMn 2 0 4 (10 nm) 
and CoMn 2 0 4 (200-500 nm) [73], We showed that NiMn 2 0 4 nanoparticles perform 
well for the first four cycles only. A predicted irreversible capacity of 210 mAh g -1 
was observed that is due to the oxidation of Mn° to Mn 2+ and not Mn 3+ . Even 
though the capacity retention between the second and the fourth discharge is very 
good, it unfortunately drops drastically below 200 mAh g -1 after 20 cycles [73]. 
This drastic capacity fade could be explained by the adverse reaction of nickel 
nanoparticles with the electrolyte which leads to a thick ionically resistive organic 
SEI that does not allow lithium ions to travel through. According to cyclic 
voltammetry, the nickel reduction and oxidation peaks are drastically reduced in 
intensity after the tenth cycle. CoMn 2 0 4 nanoparticles showed better capacity 
performance with a first discharge capacity of 975 mAh g -1 and a reversible 
capacity of 330 mAh g -1 after 50 cycles; however, capacity retention is still 
an issue [73]. 

An additional capacity is observed when the post-transition metal zinc is used. 
ZnMn 2 0 4 is a good alternative when considering the low oxidation potential of zinc 
and manganese nanoparticles: 1.2 and 1.5 V, respectively [73]. These values will 
potentially increase the battery output voltage. In addition, their price and toxicity 
are lower compared to nickel and cobalt; they are abundant and environmentally 
friendly. Three groups reported the performance of ZnMn 2 0 4 [73, 128]. In the first 
case it was synthesized via polymer-pyrolysis method, the obtained nanoparticles 
(30-60 nm) showed a capacity value of 626 mAh g -1 over 50 cycles [128,129]. In 
the second case, ZnMn 2 0 4 nanoflake-shaped particles prepared via calcination 
of an agglomerated Zn-Mn citrate complex precursor provided capacity values of 
650 mAh g -1 at 100 mA g -1 [130]. In the third case, ZnMn 2 0 4 particles were 
prepared via decomposition of a precipitate of zinc and manganese oxalate. 
We showed that it is necessary to investigate the effect of the size of the particles 
on the performance of the battery (see Fig. 5.5). An optimum particle size ranging 
from 75 to 150 nm provided a capacity of 690 mAh g -1 after 70 cycles, which 
represents 88 % capacity retention. Good rate capability has also been observed for 
this material: 170 mAh g -1 at 3 C. 


5.4.2 AFe 2 0 4 

Even though iron exhibits a higher oxidation potential than manganese, some 
members of the AFe 2 0 4 series (A = Co, Ni, Cu, or Zn) have shown interesting 
performance. However, these compounds still exhibit large irreversible capacities 
ranging from 35% to 60% [125,131-134] with capacity values of 600-800 mAh g -1 
for CoFe 2 0 4 [131], 600 mAh g -1 or less for NiFe 2 0 4 [131,133], and 550 mAh g -1 
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for CuFe 2 0 4 [134], Even though an extra capacity is added by using zinc, ZnFe 2 0 4 
nanoparticles (100-300 nm) show a stable reversible capacity of only 615 mAh g -1 
which still represents an irreversible capacity of 46% [135]. 


5.4.3 ACo 2 0 4 

Because of the cobalt content, compounds from the ACo 2 0 4 (A = Mn, Fe, Ni, Cu, or 
Zn) series show higher delithiation potentials than spinels from the two other series 
[126]. The first member of the series, MnCo 2 0 4 does not show good performance 
with a capacity of only 400 mAh g -1 after 50 cycles, which represents an 
irreversibility of 65% [124], Depending on the preparation method, FeCo 2 0 4 
performed quite well with a good capacity retention with values ranging from 630 
to 750 mAh g -1 after 50 cycles, which represents an irreversibility of 45% and 35%, 
respectively [125, 136]. Nanoparticles of NiCo 2 0 4 /C nanocomposite (10-20 nm) 
provided a capacity of 715 mAh g -1 after 50 cycles that decays significantly with 
cycling; an irreversibility of about 40% was measured [137], Nanoparticles of 
CuCo 2 0 4 (10-20 nm) showed a stable capacity of 745 mAh g -1 after 50 cycles, 
which represents an irreversibility of only 38% [138]. For the last member of the 
series, an extra capacity is added using zinc. ZnCo 2 0 4r nanoparticles (15-20 nm) 
showed a very stable capacity of 900 mAh g -1 after 60 cycles and an irreversible 
capacity that represents only 25% [126], Other groups also reported very stable 
capacity values: 750 mAh g~ 1 for ZnCo 2 0 4 nanoflakes [139] and up to 1,200 mAh g“ 1 
for ZnCo 2 0 4 nanowires (100-300 nm in diameter), but for 20 cycles only [140]. 


5.5 TMXs with X = S, N, P, and F 

In the previous sections, we have shown that lithiation and delithiation potentials 
can be tuned by changing the transition metal. Another possibility is to use mixed 
oxides such as AB 2 0 4 spinels with A and B being two different TMs. In this case, 
the potential can be tuned, but however occurs only during the first lithiation 
reaction, as shown by Fig. 5.8. For the subsequent delithiations, the active material 
is composed of a mixture of both oxides; the latter then reacts at two different 
potentials. Another solution for tuning lithiation and delithiation potentials is to 
change the anion. The previous sections focused on oxides, while this section will 
deal with fluorides, sulfides, nitrides, and phosphides, which will be referred to as 
TMFs, TMSs, TMNs, and TMPs respectively. They react with lithium the same 
way as TMOs and form a matrix of LiF, Li 2 S, Li 3 N, and Li 3 P, respectively. For the 
same transition metal, the following trend is usually observed when looking at the 
lithiation potential of the different TMXs: TMFs > TMSs > TMOs > TMNs > 
TMPs. This observation is actually related to the decrease in the M-X bond 
polarization when going from M-F to M-P. 
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Due to the very high ionicity of the metal-fluorine chemical bond, very high 
oxidation and reduction potentials are observed for TMFs. The electronegativity 
difference between most transition metals and fluorine ranges from 2.5 to 2.1, 
which makes the TMFs more attractive as cathodes than anodes, especially FeF 3 . 
The higher reduction potential related to the higher ionicity of the metal-fluorine 
chemical bond makes the conversion reaction possible even with titanium and 
vanadium [59], which was something impossible for TMOs. FeF 3 is one of 
the TMFs that shows the highest theoretical capacity (712 mAh g -1 ); it also 
provides the best battery performance [141], Other TMFs, such as NiF 2 , 
CuF 2 , CoF 2 and MnF 2 , and MnF 3 , do not show any good long-term capacity 
retention [45, 69], 

TMSs were initially used as cathode material for primary cells (e.g.,TiS 2 , FeS 2 ) 
[142-144], Recently, it has been shown that TMSs can also go through a conversion 
reaction that is reversible to some extent. As shown in Tables 5.2 and 5.3, in 
general, TMSs show higher oxidation potentials than TMOs, which means that 
the reduction of the metal is easier but that the oxidation is more difficult. For 


Table 5.3 Summary table of electromotive forces, reduction and oxidation potentials, and 


theoretical capacities of TMFs, TMSs, TMNs, and TMPs 


TM 

X Phase 

EMF b 
[45] (V) 

E first 
reduction 
(V vs. Li/ 
Li + ) 

E second 
reduction 
(V vs. Li/ 
Li + ) 

E oxidation 
(V vs. Li/ 
Li + ) 

Number 
of Li per 
metal 

Theoretical 

specific 

capacity 

[45] 

(mAh g ‘) 

Ti 

TiF 3 [59] 

1.396 

1.5/1.0-0.5 

1.2-1.0 

1.7-2.2 

3 

767 


TiS 2 

1.233 

- 

- 

- 

4 

957 

V 

VF 3 [59] 

1.863 

0.3 

1.8/1.0/ 

0.1/2.5 

3 

745 


VN 

_ 

_ 

_ 

_ 

3 

1,239 

Cr 

CrF 3 [141] 

- 

1.7 

1.9 

2.6 

3 

738 


CrN [156] 

- 

a 

a 

l/2.7 a 

3 

1,218 

Mn 

MnF 2 

1.919 

- 

- 

- 

2 

577 


MnF 3 

2.647 

- 

- 

- 

3 

719 


MnS [157] 

1.144 

- 

0.7 

1.2 

2 

616 


MnS 2 

1.692 

- 

- 

- 

4 

900 


MiuN 

0.083 

- 

- 

- 

0.75 

459 


Mn 5 N 2 

0.176 

- 

- 

- 

1.2 

531 


M11P4 [151] 

- 

0.65/0.1 

0.78/0.1 

1.2/1.56 

12 

1,798 

Fe 

FeF 2 

2.664 

- 

- 

- 

2 

571 


FeF 3 [141] 

2.742 

3.0/2.0 

2.1/3.1 

2.8/3.3 

3 

712 


FeS 

1.747 

- 

- 

- 

2 

610 


FeS 2 [158] 

1.861 

1.5 

2.0/1.5 a 

1.9/2.5 a 

4 

893 


Fe 4 N 

0.432 

- 

- 

- 

0.75 

339 


Fe 3 N [148] 

- 

2.0/1.8 

0.9 

1.5-2.2 a 

1 

443 


FeP [56] 

- 

0.1 

0.5/0.2 

1 

3 

926 


FeP 2 [56, 
153] 


0.25 

0.7 

1.1 

6 

1,365 


(continued) 
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Table 5.3 (continued) 


TM 

X Phase 

EMF b 
[45] (V) 

E first 
reduction 
(V vs. Li/ 

Li + ) 

E second 
reduction 
(V vs. Li/ 
Li + ) 

E oxidation 
(V vs. Li/ 
Li + ) 

Number 
of Li per 

Theoretical 

specific 

capacity 

[45] 

(mAh g ‘) 

Co 

CoF 2 

2.854 

- 

- 

- 

2 

553 


CoF 3 

3.617 

- 

- 

- 

3 

694 


C0S0.9 [52] 

- 

U 

1.4 

2 

1.8 

545 


CoS 2 [159] 

1.898 

1.6/1.4“ 

1.9/1.4“ 

2/2.3 

4 

871 


C03S4 

1.644 

- 

- 

- 

2.7 

703 


CoN [150] 


0.6/0.25“ 

0.8/0.3“ 

0.7 

and up“ 

3 

1,103 


Co 3 N [148] 

0.326 

1.1/0.8“ 

1.5-1.7“ 

2.1 

1 

421 


CoP [154] 


From 0.9 and 
down“ 

0.6 

1 

3 

894 


C0P3 [155] 

- 

0.3 

0.7 

1.1 

9 

1,588 

Ni 

NiF 2 [45] 

2.964 

1.5 

2.5“ 

1.4/3.2 

2 

554 


NiS [52] 

- 

1.2-0.8 

1.8/1.4 

2.8/2 

2 

591 


NiS 2 [160] 

- 

1.7-1.3“ 

1.8/1.4 

2.1 

4 

873 


Ni 3 N [161] 

- 

0.55 

1.7-0.7“ 

1.5/2.1“ 

1 

423 


NiP 2 [152] 

- 

0.5-0.2“ 

0.7 

1.2 

6 

1,332 


NiP 3 [54] 

- 

0.6 

0.75 

1.2 

9 

1,590 

Cu 

CuF 2 [45] 

3.553 

2.1/1.2 

3-0“ 

0-4“ 

2 

528 


CuS [52] 

1.998 

2.1/1.6 

2.1/1.6“ 

2.3 

2 

561 


Cu 2 S 

1.827 

- 

- 

- 

1 

337 


Cu 3 N [162] 

- 

0.5 and less“ 

- 

1.7 

1 

393 


CuP 2 [163] 

- 

0.6 

0.8 

1.1 

6 

1,284 

Zn 

ZnF 2 

2.404 

- 

- 

- 

3 

778 


“Slope 

b EMF: Electromotive force 


example, the first lithiation occurs at a voltage plateau of 0.7 V for MnS versus 
0.2 V for MnO. As for lithium-sulfur batteries [145, 146], the main issue with TMSs 
(Li 2 S) is the dissolution of sulfur species in the carbonate electrolytes, which means 
that the reversibility of the reaction is jeopardized at each discharge. Better perfor¬ 
mance is obtained when using either all solid-state batteries or a polymer electrolyte 
such as polyethylene oxide: lithium salt at 80°C [147]. 

Nitrides usually show lower potentials than oxides [148, 149]. It has been 
reported that TMNs can also go through the reversible conversion reaction process 
starting from vanadium. Nitrides show high first discharge capacity; however, they 
do not show very good capacity retention except for CoN that has a capacity over 
700 mAh g- 1 [150], 

TMPs are probably the next most interesting TMX anode materials after TMOs 
since they exhibit the lowest delithiation potentials of all investigated TMXs. The 
metal-phosphorus bond shows a very strong covalent bond that is more difficult to 
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X in Li x NiP 2 

Fig. 5.9 Voltage profile for a foam-NiP2/Li cell at C/10 from 2 to 0 V at a C/2 rate with, as insets, 
(a) its corresponding capacity retention and (b) rate capability performance of a foam-NiP2 
electrode measured, for reasons of current density associated to Li-metal, in a lithium-ion-type 
configuration using LiFeP0 4 as the positive electrode (Reprinted with permission from [152], 
Copyright (2011) American Chemical Society) 


break than an ionic bond [151, 152], As a matter of fact, only transition metals 
starting from manganese can be reduced. In addition, due to their high phosphorus 
content and the uptake of three lithium ions per phosphorus atom, they exhibit high 
theoretical capacities (see Table 5.3). As shown in Table 5.3, MnP 4 shows optimal 
potentials and a high theoretical capacity of 1,798 mAh g -1 . Unfortunately, the 
efficiency of the conversion reaction process is quite low as shown by Gillot et al. 
[145]. FeP and FeP 2 exhibit very low delithiation potential of about 1.1 V. During 
their first lithiation, they almost reach their theoretical capacity values, which are 
over 900 mAh g -1 [56,153], After 100 cycles at C/10, FeP still shows a capacity of 
300 mAh g -1 [56]. Whereas CoO showed very high delithiation potential over 2 V, 
its phosphide counterparts CoP and CoP 3 show a much lower delithiation potential 
of about 1.1 V [154, 155]. C 0 P 3 almost reaches its theoretical capacity during the 
first lithiation; however, capacity retention is still an issue. As shown by Figs. 5.9 
and 5.10, NiP 2 and NiP 3 are also of interest, especially because of their low 
delithiation potentials (1.2 V, see Table 5.3) and also their flat lithiation and 
delithiation plateaus [54, 152], In addition, they have theoretical specific capacities 
over 1,300 mAh g -1 . During the first lithiation, NiP 2 reaches the theoretical value 
and still has a capacity of 850 mAh g -1 after 10 cycles and also shows good rate 
capability up to 1 C [152], 
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Number of cycles 



Fig. 5.10 Voltage profiles for a NiP 3 /Li cell cycled at a C/10 rate between (a) 2.5 and 0 V, 
(b) 2 and 0.5 V, and (c) 0.5, 2, and 0.65 V. (d) The capacity retention at a C/10 rate for a NiP 3 /Li 
cell cycled between 2 and 0 V (in gray line), 2 and 0.5 V (in black line), and between 2 and 0.5 V in 
the first discharge and 2 and 0.65 in the further cycles (in dotted line) (With kind permission from 
Springer Science + Business Media: Ionics [52] (2011)) 


5.6 Summary and Outlook 

Due to the increasing demand for high energy density lithium-ion batteries, R&D 
laboratories around the world are actively looking for high specific capacity anode 
materials. In this regard TMOs, among others, have been of much interest. TMOs 
(and TMXs in general) having low oxidation number transition metals react in an 
unusual way with lithium. They undergo a reversible conversion reaction with at 
least two electrons or more exchanged per TM atom. This reaction also involves 
the reversible formation and decomposition of a Li 2 0 matrix. The conversion 
reaction is reversible only because TMOs are reduced into an intimate mixture of 
nanoparticles of transition metals and Li 2 0. This reversible solid-state reaction does 
not occur at a macroscopic scale. This chapter also showed that the particle size 
and particle morphology of the starting material are crucial for the battery perfor¬ 
mance; each TMO has an optimum particle size and morphology. The large 
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hysteresis observed between the charge and the discharge potential profile curve is 
one of the major issues with TMOs. However, it improves after the first lithiation, 
since the second lithiation potential is higher than the first. The delithiation 
potential of the anode is crucial for LIBs since it will set the output cell voltage; 
the lower the value, the higher the cell output voltage. TMOs generally show high 
delithiation voltages. One way to tune this voltage plateau is to change the 
transition metal, the lowest one being chromium and manganese around 1.4 V 
and the iron around 1.8 V. Another way would be to use TMOs made of a mix of 
two different transition metals, such as CoMn 2 0 4 , in order to have an average 
potential. This strategy works well for the first lithiation, but however does not 
work for the subsequent lithiation/delithiation since a mixture of both oxides is 
then obtained. The last strategy to change the voltage plateaus is to change the 
oxide counterions to fluorides, sulfides, nitrides, and phosphides. TMFs show 
the highest delithiation potentials and are more interesting as cathodes, while 
TMPs provide the lowest delithiation potentials, so potentially the highest output 
cell voltage of all TMXs. 
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